We and other groups have previously shown that interleukin-5 (IL-5) maintained the viability of mature eosinophils in an in vitro liquid culture system. Mature eosinophils did not proliferate but their survival was maintained in the presence of IL-5. Using this culture system, we investigated the mechanism of IL-Smediated survival. In the absence of human IL-5 (hlL-5) mature eosinophils succumbed after 4 days, while in the presence of hlL-5 they survived up to 10 days. When DNA extracts of cultured eosinophils were analyzed on an agar gel electrophoresis, marked DNA fragmentation was observed in the absence of hlL-5, while no significant DNA fragmentation was observed in the culture HE SURVIVAL,, differentiation, and proliferation of T hematopoietic precursor cells and the functional maturation of blood cells are all under the influence of various cytokines including colony-stimulating factors (CSFs). Many hematopoietic cell lines have been established, and their maintenance requires the exogenous addition of cytokines such as interleukin-2 (IL-2), IL-3, IL-6, and CSFs. Most in vitro cell lines do not survive on the removal of cytokines. Cell death caused by the withdrawal of factors resembles active cell death or apoptosis, which is characterized by the condensation of nuclear chromatin, followed by DNA fragmentati~n."~ This programmed cell death is observed first in thymocyte death exposed to glucocorticoids'.' and target cell destruction by cytotoxic T lymphocytes.' In addition, apoptosis has been observed in IL-Zdependent T-cell clones on the removal of IL-2: in factor-dependent continuous cell lines, Paterson Laboratories (FDCP-Mix) cell clones on the removal of IL-3, granulocyte-CSF (G-CSF), or granulocyte-macrophage CSF (GM-CSF),' as well as in erythroid progenitor cells on the removal of erythropoietin ( E~o ) .~ These observations suggested that CSFs promote cell survival by suppressing this process.
found that IL-5 maintained survival of eosinophils by inhibiting apoptosis. The mechanism of eosinophil survival by IL-5 is to be discussed.
MATERIALS AND METHODS
Venous blood was collected in a heparinized syringe from three patients with hypereosinophilic syndrome (HES) after obtaining their informed consent. Polymorphonuclear (PMN) leukocytes were separated by Mono-Poly Resolving Medium (M-PRM; Japan Flow Laboratories Ltd, Tokyo, Japan). PMN leukocytes separated by M-PRM were layered onto discontinuous metrizamide gradients (Nycomed, Oslo, Norway) as previously described by Vadas et a1. 8 Enriched eosinophil preparations used in the following experiments always consisted of more than 90% eosinophils with the remainder being neutrophils.
We used purified recombinant factors as follows: recombinant human IL-2 (rhIL-2; specific activity, 1 x lo7 U/mg protein; provided by Shionogi Pharmaceutical Co, Osaka, Japan), rhIL-3 (specific activity, 21,900 U/mL; provided by the Genetic Institute, Cambridge, MA),9 rhIL-5 (purity is more than 80% by sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]; specific activity, 1 to 2 x 10' U/mg protein assayed by IgM secretion on murine B-cell lymphoma (BCL,) cells; provided by Suntory Central Research Institute, Osaka, Japan)," rhG-CSF (specific activity, 2.5 x lo7 U/mg protein; provided by Chugai Pharmaceutical Co, Tokyo, Japan)," and rhGM-CSF (specific activity, 1 x lo9 U/mg protein; provided by Sumitomo Pharmaceutical Co, Osaka, Japan).I2 The optimal concentration of each factor was determined by titration using human normal bone marrow (BM) cells.
Mature human eosinophils were cultured in 24-well tissue culture plates (Coster, Cambridge, MA). Each well contained 1 mL RPMI 1640 supplemented with 20% fetal calf serum (FCS), lo6 eosinophils, and various CSFs. At various times, viable cells were counted by the eosin dye exclusion test.
DNA fragmentation in mature human eosinophils and cytotoxic T-cell line (CTLL-2) cells was determined according to the method described previously by Nieto and Lopez-Rivas! Briefly, 1 to 5 x lo6 cells were incubated at 37°C for 4 hours in 500 kL of lysing buffer (200 mmol/L Tris, pH 8.5,lOO mmol/L EDTA, 50 kg/mL proteinase K, 1% SDS). The DNA was phenol-extracted and then dialyzed for 12 hours against 10mmol/L Tris (pH 7.5), 1 mmol/L EDTA. After dialysis the DNA solution was incubated for 5 hours at 37°C with 50 kg/mL of RNase A, and further incubated with 150 kg/mL of proteinase K for 5 hours at 37°C. The DNA was extracted with phenol and chloroform and precipitated with ethanol. Each sample was electrophoresed on Preparation and purification of eosinophils.
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RESULTS
In vitro sriniwl of human matiire eosinophils in the presence of hematopoietic cytokines. It is well known that normal mature eosinophils separated from peripheral blood do not survive more than 4 days in vitro without the addition of cytokines. When the culture medium was supplemented with hIL-5 (50 ng/mL) or hGM-CSF (1 ng/mL), eosinophils survived up to 10 days. Similarly, hIL-3 (2 ng/mL) supported 50% survival up to 6 days (Fig 1) . hG-CSF (40 ng/mL) did not maintain viability. By removing hIL-5 from the culture medium, the number of cosinoFhils began to decrease rapidly and few viable cells were detected 4 days after the withdrawal. syntheses in mature eosinophils. DNA synthesis was not observed in mature eosinophils incubated with hIL-5 or with other lymphokines, at least during 3-day incubation period (Fig 5A) . However, the enhanced RNA synthesis occurred in eosinophils incubated with hIL-5 or hGM-CSF (Fig 5B) . Total RNA synthesis in mature eosinophils reached a maximal level 1 day after incubation with either hIL-5 or hGM-CSF, and declined thereafter. Likewisc, a nearly threefold increase in protein synthesis was observed in mature eosinophils incubated with hIL-5, hGM-CSF, or hIL-3 (Fig 5C) , reaching a maximal level at 2 days. The hIL-5-induced RNA or protein synthesis in mature eosinophils described above was completely inhibited in the prcsence of 10 pg/mL CHX or 2 pg/mL Act D.
IL-5 inhibits

bp
Eflect of metabolic inhibitors on the IL-Sinduced protection of DNA fragmentation. Under the conditions described above, we tested how the metabolic inhibitors affected the DNA fragmentation of eosinophils. Figure 6 shows that DNA fragmentation was prevented by the incubation with hIL-5, whereas marked DNA fragmentation occurred in eosinophils incubated with IL-5 in the presence of CHX or in the presence of Act D. Neitl-.er CHX nor Act D alone prevented the spontaneously occurring DNA fragmentation.
DISCUSSION
The viability of both human and murine mature eosinophils is maintained in the presence of IL-5, as has been previously rep~rted.'.'~ Usually, deprivation of growth factors results in cell death of factor-dependent cell lines, such as CTLL-2 and FDCP-mix, with morphologic changes called apopto~is.~.' Apoptosis is characterized by condensation of nuclear chromatin and DNA fragmentation into nucleosome-length fragments.I5 This type of cell dcath is also found in the glucocorticoid-induced death of immature thymocytes, cytotoxic T-cell-mediated cytolysis, and/or For personal use only. on November 11, 2017. by guest www.bloodjournal.org provide one of the most suitable systems for the elucidation of survival and cell death in mature blood cells. Eosinophilopoietic factors such as IL-5, GM-CSF, and IL-3 are capable of supporting eosinophil s~rvival?'~.'~ The order of potency of the factors on eosinophil survival was hIL-5, hGM-CSF, and hIL-3. This order of potency may correlate with the number of receptors for each factor on mature human eosinophils. The outstanding feature of IL-5 is that it prevents the DNA fragmentation of mature eosinophils that inevitably proceeds in the absence of IL-5. Thus, the prolonged survival of mature eosinophils by '1IL-5 may be due to the inhibition of DNA cleavage. This survival was not maintained in the presence of Act D or CHX. Presumably, some proteins inhibiting endonuclease activity might be produced in mature eosinophils in response to stimulation by hIL-5. It has been reported that the half-life of human blood eosinophils is 13 to 18 hour^.''.^^ However, the survival time of eosinophils in tissues is not known. The blood eosinophil half-life is prolonged during eosinophilia, which may be due to the prevention of apoptosis in mature eosinophils by increased IL-5 level.
We determined whether DNA, RNA, and protein synthesis occurred in mature eosinophils incubated with hIL-5, hGM-CSF, or hIL-3. In these cells, significant RNA and protein synthesis were observed but no DNA synthesis was seen. The absence of DNA synthesis indicates that mature human eosinophils do not proliferate. On the other hand, RNA and protein syntheses did not take place in mature eosinophils incubated with hIL-5 plus actinomycin D or cycloheximide, which resulted in cell death. In addition, no RNA and protein synthesis was observed in eosinophils For personal use only. on November 11, 2017. by guest www.bloodjournal.org From 2546 YAMAGUCHI ET AL incubated with hG-CSF, which did not maintain survival. These findings strongly suggest that the prolonged survival of mature eosinophils by hIL-5 is associated with some newly synthesized proteins induced by hIL-5 stimulation.
Although no particular endonuclease involved in DNA fragmentation has been defined, a set of nuclear proteins that increases during the apoptosis of T-cell line induced by dexamethasone has been identified as histone proteins." On the other hand, Vaux et alm and Nunez et a1" reported that transfection of proto-oncogene bcl-2 prolonged the survival of IL3-dependent cell lines deprived of a facThus, it is possible that such bcl-2 gene expression or altered histone proteins may also be directly or indirectly involved in IL-5-induced suppression of apoptosis in eosinophils.
All cellular activities in the human body are driven by energy obtained through the breakdown of ATP. The major energy-supplying enzyme is ATP synthase in inner mitochondrial membranes. Therefore, we attempted to look at whether hIL-5-modulated gene transcription encoding some mitochondrial ATP synthases, ie, cytochrome c oxidase subunit 11, which is encoded by mitochondrial DNA," and ATP synthase p subunit and the cytochrome c oxidase subunit VI,, which are encoded by nuclear Northern blot analysis showed, however, that the expression of these mitochondrial protein genes was increased variably among HES patients and that no specific correlation between hIL-5 stimulation and particular enzyme gene expression has been obtained so far (data not shown). On the other hand, it has been pointed out that mitochondrial gene transcripts increased in immortalized cell lines with transfection of polyoma large T protein, adenovirus E,A, and myc oncogenes.25 Mitochondrial gene expression study remains one of the interesting issues to be explored in the eosinophil survival.
Thus, we have shown that IL-5 maintains survival of mature eosinophils presumably by inhibiting apoptosis and that it was associated with newly synthesized proteins. No definitive information regarding the nature of the proteins or enzymes involved in apoptosis is yet available, but it must be characterized soon.
